[1] Atmospheric electric field change (sferic) waveforms were detected at Los Alamos Sferic Array stations in association with terrestrial gamma-ray flashes (TGFs). Five TGF sferic waveforms detected at sufficiently close range were all found to be consistent with a positive-polarity intracloud (+IC) discharge process which transported electrons upward. The amplitudes of the events were among the top 5% of IC discharge flashes. Altitudes obtained from ionosphere reflections for two of the closer events were found to be 13.6 km and 11.5 km. These altitudes are lower than expected if one assumes that the sferic was near the source of the gamma-rays. One of the sferics was an energetic narrow bipolar event which occurred near the inferred onset of a flash, suggesting that the preceding TGF may correspond to the actual onset.
Introduction
[2] Gamma-rays originating from Earth, referred to as ''terrestrial gamma-ray flashes'' (TGFs), were first discovered by the BATSE instrument on the CGRO satellite and attributed to bremsstrahlung from MeV electrons [Fishman et al., 1994 ]. An analysis of extremely low frequency data around the time of two BATSE TGFs by Inan et al. [1996] revealed one TGF which was correlated in time with what appeared to be a positive-polarity cloud-to-ground (+CG) discharge and another event which was not correlated with a sferic but occurred in proximity to an active storm region.
[3] The more recent RHESSI satellite has a greatly improved detection rate with >620 probable TGF events detected in over 3 years of operations. Analysis of a subset of RHESSI TGFs by Cummer et al. [2005] established a strong relationship between TGFs and lightning and with positive-polarity discharges in particular.
Contrary to widespread expectations of a high altitude source, all TGF sferics were found to have insufficient charge moment changes to produce runaway breakdown at 30-50 km altitude [Cummer et al., 2005] . A recent comparison of RHESSI TGF spectra with Monte Carlo simulations of runaway breakdown revealed that the source was likely deeper in the atmosphere at 15-21 km altitude [Dwyer and Smith, 2005] .
[4] The Los Alamos Sferic Array (LASA) became operational in 1998 with the purpose of locating, classifying, and characterizing lightning discharges [Smith et al., 2002] . Unlike the National Lightning Detection Network (NLDN) [Cummins et al., 1998 ], LASA stores electric field waveforms for further analysis. Each electric field sensor detects atmospheric radio emissions (sferics) within a frequency band of '160 Hz to 500 kHz.
[5] In April 2004, LASA underwent a major software and hardware upgrade which resulted in a very dramatic increase in sensitivity with no dead-time between triggers [Shao et al., 2006] . Eight LASA stations were deployed in northern Florida with another station operated at Los Alamos. In this paper, we report on the analysis of LASA data in relation to currently available RHESSI TGF data for April 1, 2004 through July 24, 2005 and August 1 through November 30, 2005. We focus the analysis only on those TGF events which were sufficiently close to determine the discharge type with particular emphasis on two events for which source altitudes could be readily determined.
Analysis
[6] In order to search for coincident TGF events, the data from all available stations was filtered with a ±10 ms window around the expected arrival time of the sferic based on the arrival time of gamma-rays at the satellite. The distance to RHESSI's subsatellite point and its altitude ('560 km) were both factored into the calculation of the expected arrival time of a causative sferic. The ±10 ms window is more than sufficient to account for the $1000 km RHESSI footprint radius as well as time offsets of up to 3 ms as suggested by Cummer et al. [2005] .
[7] Only those TGFs with a RHESSI subsatellite point within 1100 km of a station are used in this analysis in order to accurately discriminate between intracloud (IC) and CG waveforms. For the data available from April 1, 2004 to November 30, 2005, a total of 8 TGFs met our range filter criteria. Of those, 6 had sferics detected at one or more LASA stations within 10 ms of an expected sferic from the RHESSI TGF. Two of the events on June 18, 2004 and August 11, 2005 were sufficiently close and impulsive that we were able to extract source altitudes.
June 18, 2004
[8] The RHESSI satellite was situated over the Gulf of Mexico south of Tallahassee, Florida on June 18, 2004, when it detected a TGF at 21:03:11.6443 UT. Five of the eight Florida stations were operational at the time. Four of them triggered off of a positive-polarity sferic around the time of the TGF. The TGF lightning was centered at 30.373°N, 83.951°W with the onset of the first impulsive sferic at 21:03:11.645038 UT. The geolocation was 128 km north-northeast of the RHESSI subsatellite point. The expected arrival time of electromagnetic radiation at RHESSI in association with the sferic was 2.6 ms after the actual onset of gamma-rays.
[9] Utilizing Florida data for the summer of 2005, we estimate the probability of a random coincidence of a positive-polarity sferic within the ±10 ms TGF search window, within $200 km of the RHESSI subsatellite point, and with an amplitude matching or exceeding that of the weakest TGF coincidence in this study (see section 5) as roughly 10
À4
.
Waveform Characteristics
[10] Figure 1 shows the waveforms detected at two of the four stations. The sign convention we use is such that an upward displacement in the plots corresponds to upward negative charge motion. The presence of multiple fast pulses on the leading edge of the waveform indicates that this was an IC discharge process . Furthermore, the time required for the electric field to go from 10% to maximum (peak B) was 74 ms. This rise time is much longer than the general criteria of less than '10 ms rise-time for CG return stroke waveforms [Lin et al., 1979] .
[11] The rise time of the first pulse from 10 percent to maximum was 4.4 ms. Compensating for the underlying slow field change, the full-width half-max (FWHM) of pulses A -C was 3.0 ms, 4.6 ms, and 5.1 ms, respectively. These widths are comparable to the mean 4.7 ms FWHM of narrow bipolar events (NBEs) [Smith et al., 1999] . However, NBEs occur in relative temporal isolation with only minor charge transfer [Eack, 2004] , while these are clearly clustered in time with a significant slow charge transfer occurring in the same time interval.
[12] Fast pulses with similar durations have been observed during the initial active phase of a flash as well as during K-changes [Shao et al., 1995] which occur only in the late phase of a flash [Ogawa and Brook, 1964] . Unfortunately, we cannot assess when the TGF occurred within a parent flash since the detection efficiency of ICs from the storm was relatively low and many IC sferics would likely have been missed. However, it is interesting to note that there is a small field change at 0.3-0.45 ms prior to the first peak which indicates that there was some preceding charge motion (see Figure 1) .
Horizontal Extent
[13] Pulses A -C were geolocated using the time of arrival of peak power at the various stations [Shao et al., 2006] . The TGF pulses were located in the core of the storm close to the center of NBE activity. Pulses B and C were on either side of Pulse A and both were geolocated within '1 km of it along a radial line to the center of our network. We conservatively estimate that the range errors were on the order of ±5 km while the tangential errors were only ±1 km. There were a couple of weaker pulses between A and B which we also geolocated and they too fell along the same radial line and within the radial errors. Thus, it appears that the discharge was reasonably compact with horizontal dimensions of less than 2 km in the tangential direction. However, we cannot preclude a chance alignment along the radial direction with larger discharge dimensions. We also do not know if the weak slow field change preceding the pulses was due to horizontal charge motion in a larger flash.
Altitude
[14] Impulsive IC events are known to produce ionosphere and earth-ionosphere reflections which can be used to obtain the altitude of the compact source and the ionosphere [Smith et al., 2004] . Pairs of reflected pulses can be seen in Figure 1 . Because the relative difference between the propagated distance (time delay) for the direct (ground wave) pulse and reflected pulses decreases with range, the reflected pulses should have arrived sooner after the ground wave at the more distant stations, as was observed.
[15] In order to obtain the altitudes of pulses A and B, the ground waves had to be removed in order to decipher the reflected waves from the ionosphere. We accomplished this by differencing the waveforms between various station pairs after compensating for different range attenuation to the stations as well as removing both the low and higher frequencies with a passband filter of 10-150 kHz. In order to simplify the calculations, we used average ionosphere reflection altitudes and conductivites for each station which optimized the correlation coefficient between the modeled and observed reflections for roughly 30 NBEs in the 10 minute time period centered on the TGF.
[16] The optimum source altitudes for pulses A -C were obtained by averaging the determinations from all of the unique pairings of the Gainesville, Palatka, and Daytona Beach waveforms. Because the range to the Tampa station was nearly identical to that of Daytona Beach, it was excluded from the comparison. Table 1 shows the optimum altitudes, uncertainties, and average correlation coefficient for each peak. The altitude of peaks B and C appear to be identically at 13.6 km. However, the uncertainties are such that we cannot rule out a vertical displacement between any two peaks of as much as 4 km. It is important to note that the uncertainties in the altitudes may be overestimates, as evidenced by a tighter clustering of +NBE altitudes around the TGF (not shown). Also, the lower average correlation coefficient for pulse A may stem from a systematic error introduced by contamination from incomplete negation of subsequent pulses in the waveform difference.
August 11, 2005
[17] On August 11, 2005, RHESSI detected a TGF at 22:48:01.6321 UT while it was nearly over Miami, Florida. A coincident large positive-polarity sferic was detected at all six of the operational Florida stations. The event was geolocated at 25.4484°N, 81.0398°W with a source time of 22:48:01.635371 UT. The event was 117 km west of the RHESSI subsat point and 321 km away from the closest station in Tampa. The expected arrival time of electromagnetic radiation at RHESSI was 5.1 ms after the actual time, which is more than 2 ms outside of the range estimated by [Cummer et al., 2005] . As was noted in section 3, the chance that this was a random coincidence is <10 À4 .
Waveform Characteristics
[18] The zero-crossing fall time of this waveform from the positive maximum was very fast at 3.1 ms. This is an order of magnitude faster than the !30 ms criteria for return stroke fall times [Lin et al., 1979] and thus this event is associated with an IC discharge process. Furthermore, the total rise and fall time (5.2 ms) was less than 7 ms and the waveform was isolated within the 1.5 ms trigger length at Tampa, so it was a special form of +IC known as a +NBE [Smith et al., 2004] .
[19] The association of a TGF with a large NBE is particularly significant, since such NBEs are in turn often associated with initial strong VHF pulses from IC flashes Jacobson, 2003] . A recent study of broadband (ULF-LF) electric field data in close proximity to ordinary IC flashes has shown that the initial VHF pulse occurs within 2 ms of flash onset [Maggio et al., 2005] , though longer VHF lag times may exist. Furthermore, this NBE was followed several milliseconds later by numerous IC pulses (see Figure 2 ) consistent with the initial active phase of the flash. Thus, it is likely that this TGF occurred at or near the time of discharge initiation.
[20] It has been theorized that NBEs are a direct manifestation of runaway breakdown at the time of flash onset [see Gurevich et al., 2006, and references therein] . However, the timing does not support a direct connection of the gammarays to the NBE. The predicted arrival time of gamma-rays at RHESSI is 5.1 ms after the actual onset and the maximum error in the RHESSI time is conservatively estimated at 4 ms while that of the NBE source time is less than 0.1 ms. Furthermore, the gamma-ray pulse observed by RHESSI was unusual in that it had at least 2 peaks and a relatively long total duration of '1.5 ms, which is in stark contrast to the narrow single peak of the NBE.
[21] At the range of the storm, the Tampa station would have detected any events with a range-normalized amplitude of !0.90 V/m at 100 km (equivalent to a peak current threshold of only 3.7 kA for a CG). Thus, any field changes produced by the TGF must have been below this amplitude or outside of the '160 Hz to 500 kHz bandpass of our stations.
Altitude
[22] The ionosphere and earth-ionosphere reflections were plainly evident in each NBE record collected at the 6 Florida stations. The NBE source height determinations from each station were all within 0.2 km of an 11.5 km average (Table 1 ). This altitude is significantly lower than the June 18, 2004 TGF sferic altitude and is also lower than an average +NBE altitude of 13 km for predominantly Florida storms [Smith et al., 2004 ]. An 11.5 km source altitude conflicts with the prediction of a 15-21 km source altitude based on a comparison of modeled spectra with RHESSI average TGF spectra by Dwyer and Smith [2005] as well as the association of enhanced TGF detections at lower latitudes with a higher tropopause [Williams et al., 2006] . However, since the gamma-ray source was temporally displaced from the NBE, it may also have been vertically displaced. Also, because both the TGF and IC characteristics were unusual, this event may not typify those n/a n/a n/a <22.7 <94 n/a Aug 07, 2005 n/a n/a n/a <6. n/a n/a n/a <6.7 <28 n/a Figure 2 . August 11 TGF electric field waveform at Tampa. A large +NBE is preceded by a TGF and is followed milliseconds later by more +IC sferics.
used by Dwyer and Smith [2005] to form the average RHESSI spectra.
Waveform Summary
[23] Table 2 summarizes the waveform characteristics of all TGF events which had a RHESSI subsat point within 1100 km of an active LASA station. Six of the eight TGF events had waveforms detected at one or more stations within ±10 ms of the expected time. All six waveforms were found to have rise and/or fall times which indicated that they were ICs, contrary to the prediction of a TGF EMP source from a CG return stroke by Inan and Lehtinen [2005] . In all cases the waveforms were of positive-polarity (electrons moving upward), consistent with the results of Cummer et al. [2005] . However, the August 7, 2005 +IC was only detected at Tampa and the probability of a random coincidence within the ±10 ms window was 41% due to active close storms, so we treat it as a potential misseddetect in our analysis.
[24] Five TGF events were either detected at a sufficient number of LASA stations (3) for a geolocation or, in the case of the May 13, 2004 TGF, was geolocated off of inferred first-hop negative sky-waves detected by NLDN stations at 1040-1860 km range (M. J. Murphy, personal communication, 2005) . All geolocations were at or within 130 km of the subsat point and appeared to be randomly oriented about it. However, geolocations up to '760 km away from the subsat point have been found for more distant TGFs which were not included in this analysis.
[25] In order to estimate range-normalized peak electric field values, we use the same empirical relationship used by the NLDN with a r À1.13 dependency of amplitude on range (r) and an additional small exponential falloff [Cummins et al., 1998 ]. This relationship is optimised for events at 50-200 km range. We estimate that errors of up to 30% in the range-normalized estimates may be expected for some of the more distant events in Table 2 . For the non-detect events, we can only determine an upper limit for the range-normalized amplitude based on our bipolar trigger thresholds and the positions of storms in satellite infrared images within the $1000 km RHESSI footprint radius. The much lower limit for the 2005 events relative to July 24, 2004 was due to much lower thresholds.
[26] All of the geolocated events were found to have 100 km range-normalized amplitudes of 3.4 V/m or greater. This would correspond to the amplitude produced by a CG return stroke with a peak current of !14 kA. In order to put this into perspective, a distribution of range-normalized absolute peak electric fields for IC flashes was obtained for May through July of 2005 for a region in Florida where LASA sensitivity is greatest (<2 kA for CGs). Based on these results, it is clear that the ICs in Table 2 are energetic since they are all within the upper 5% of the distribution.
[27] Finally, we calculated the RHESSI TGF source onset times relative to that of sferic ''onset''. In the few cases where there were multiple distinct sferics within the trigger record, the largest amplitude event was used. For the sake of simplicity, an altitude of 15 km was assumed for the gamma-ray source. Varying the altitude up or down by several kilometers would not affect our timing conclusions. In all five cases, the TGFs led the sferics by 1.8-5.1 ms.
This may indicate that ambient conditions prior to the sferics was responsible for the gamma-rays, as might be expected if runaway breakdown was initiating flashes [Gurevich et al., 1999] . However, only the August 11, 2005 event was outside of the conservative estimate of 4 ms for the maximum systematic error in RHESSI timing and up to ±1 ms for the random error. Thus, it is possible that most (but not all) TGFs are produced by a discharge process which also produces the observed IC sferics. Indeed, a recent comparison of Swift and RHESSI data for the gamma-ray burst SGR 1806-20 revealed a 3.0 ± 0.3 ms offset which, if Swift timing is correct, would line-up four of the five geolocated TGFs in Table 2 with sferics to within the random timing uncertainty.
